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PREFACE 


Ihis  report  Is  a  product  of  the  contlnuine  study  of  particles 
and  fields  in  space  being  conducted  by  the  RAND  Corporation  under 
contract  No.  NASr-2l(0;p)  for  the  National  Aeronautics  and  Space 
Administration. 

Ihe  substance  of  this  report  was  presented  at  the  First 
Western  National  Meeting  of  the  American  Geophysical  Union, 
December  27-29,  I961. 
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ABSTRACT 

Ataospheric -current  functions  obtained  for  sudden  comnencements  by 
Magata  and  Abe,  and  by  Jacobs  and  Obayashi,  are  analyzed.  Electrlc-ch  rge 
distributions  In  the  Ionosphere  are  deduced  that  could  drive  the  part  of 
the  currents  asyiaaetrlc  about  the  geaaaagnetlc  axis.  It  is  supposed,  as  an 
approxlaatlon,  that  only  the  Hall  electric  conductivity  need  be  taken  into 
account.  Ihe  electric  field  at  the  equator  Is  calculated,  and  coaqpared 
with  the  observed  local  abnozval  augnentation  of  the  sudden-coanencenent 
field,  dstortlons  of  the  outer  aagnetosphere  that  nay  give  rise  to  the 
reverse  lapulse  are  discussed. 


ACKNOWLEDGMENT 


It  Is  a  pleasure  to  indicate  our  Indebtedness  to  W.  L.  Sibley, 
who  undertook  the  machine  calculations  used  in  this  paper,  and 
to  Miss  Louise  Olds  who  assisted  in  oth'*  Mayb  ±a  I*-"  ^reparation. 


-ix- 


COWTEWTS 

PREFACE .  ill 

ABSTRACT .  v 

ACKNOWLEDGMENT .  vii 

Section 

I.  nrUHODUCTKlI .  1 

II.  CURRENT  SyaOBfS  FOR  TOE  FRELIMINARy  REVERSE  IMPULSE  AND 

SUDDEN  COMENCESBNT  FIELD .  3 

III.  FOIEIITIAL  ANALYSES  OF  THE  ASXMSTRICAL  SC-nSLDS  ....  U 

IV.  CALCUUHONS  GF  CHARGE  DISTRIBUTIONS .  9 

V.  THEORY  OF  FRI .  10 

VI.  IHBQRY  OF  POIAR>IOH06PHBRIC  PORTION  OF  Om  SC  BQUTVAUDfT 

CURRENT  SYSXBf .  14 

REFERENCES .  22 


-1- 


I.  IHTRODUCTIOH 

Within  the  polar  cap  of  the  earth,  as  well  as  in  lower  latltxides,  a 
magnetic  signal  precedes  the  sudden  commencement  of  storms,  nie  lower 
latitude  signals  are  usually  attributed  to  the  interaction  of  a  solar 
stream  with  the  magnetosphere,  following  Chapman  and  Ferraro  (l931>  1932, 
and  1933) »  Chapman  (i960).  Ferraro  (i960).  Ihe  propagation  of  the 
magnetic  signal  is  probably  hydromagnetlc  as  more  specifically  Indicated 
by  Dessler  and  Parker  (1959).  Presumably,  the  polar  cap  signals  are  due 
to  atmospheric  currents  (Magata  and  Abe.  1955).  Diat  dumping  of  auroral 
particles  into  the  polar  cap  Is  responsible  was  suggested  by  Vestlne  et  al. 
(l9^7)»  and  Forbush  and  Vestlne  (1955).  This  possibility  is  further 
considered  here  on  the  basis  of  a  dusping  mechanism  proposed  by  Kem  (1961) 
and  more  recently  discussed  by  Vestlne  (I962). 

Ajglura  (private  communication)  has  pointed  out  that  the  preliminary 
reverse  Impulse  (PRI)  may  be  interpreted  as  an  initial  hydromagnetlc  effect. 
This  possibility,  discussed  here,  is  Interesting  and  far  from  siaple,  as 
the  Initial  Interactions  at  the  contact  surface  between  magnetosphere  and 
solar  stream  are  quite  unknown.  It  is  also  apparent  that  hydroomgnetic 
propagation  of  such  an  interaction  through  the  magnetosphere  is  rather 
coaplicated  (MacDonald,  I96I). 

For  these  early  stages  of  a  atom,  current-flow  patterns  are  difficult 
to  construct.  First,  sufficient  stations  are  ordinarily  available  only 
during  special  years,  and  second,  other  background  disturbances  obscure 
the  SC-slgnal.  Since  FBI's  occur  at  other  hours  1957), 

considerable  variability  in  current  pattern  Is  expected.  Despite  these 
limitations,  some  current -flow  patterns  have  been  constructed. 
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nie  present  paper  examines  tvo  equivalent  ionospheric-current  systems 
derived  for  magnetic  dlstvirbances  associated  with  the  onset  of  geomagnetic 
storms.  Ihe  first  current  system  is  that  given  by  Magata  and  Abe  (19^^) 
for  preliminary  reverse  impulse  at  6h  2^m  GMT,  May  29,  1933. 

The  second  cuxrent  system  Is  for  the  polar  part  of  the  averaged  sudden 
ccmmencemsnt  (SC)  as  given  by  Jacobs  and  Obayashi  (19^).  Electric-charge 
distributions  which  would  drive  these  current  systeiss  are  derived  from 
potential  analyses. 

Finally,  the  interaction  between  an  approaching  solar  stream  and 
the  magnetosphere  Is  discussed.  It  Is  shown  that  a  simple  extension  of 
the  Chapemn-Ferraro  theory  can  provide  the  observed  polar  charge  distributions. 

The  mechanisms  here  described  for  the  FRI  field  and  polar  portions  of 
the  SC  field  are  distinctly  different.  Both,  however,  relate  directly  to 
the  compression  of  the  magnetosphere  by  a  solar  stream.  The  FRI  Is  ascribed 
to  the  dynamics  of  cospression,  and  Is  purely  a  transient  effect.  The 
polar  portion  of  the  SC  field  Is  ascribed  to  the  production  of  an  asyaaetrlc 
distribution  of  energetic  trapped  particles  by  compression  of  the 
magnetosphere  on  the  side  of  the  earth  toward  the  solar  stream.  Such  an 
asynsetrlc  distribution  of  trapped  particles  has  been  discussed  by  Fejer 
(1961).  For  the  purpose  ef  the  present  paper,  the  compression  of  the 
magnetosphere  is  regarded  as  adiabatic. 


II.  CORRBrT-  SYSroC  FOR  ITHE  PRELIMINAHY  REVERSE  IMPDLJE 

Ain)  stoECT  ooKgwcBt^'  jrijdj) 


?iguz«  1  shows  atmosiAMrlc-^rrent  flows  deduced  by  Negate  and  Abe 
fbr  the  preliminary  reverse  Impulse  of  the  sudden  commenceiBent  of  Msy  29, 
1933*  Oi*  current  Is  most  concentrated  across  the  polar  cap,  \diere  it 
flows  roughly  away  trou  the  9  a.m.  local  time  meridian.  A  rou£^  estimate, 
based  on  current  arrows  shown,  gives  the  total  current  to  be  about  ^000 
emu.  A  representation  of  Fig.  1  In  terms  of  a  current  function  J  (of 
course  only  roughly  estimated)  Is  shown  In  Pig.  2. 

!Die  shown  current  effect  precedes  the  main  hydromagnetlc  slgnad 
which  tentatively  would  be  simulated  by  a  current  flow  from  east  to  west 
around  parallels  of  magnetic  latitude.  But  another  asymsietric  field 
pattern  emerges  If  the  main  sudden-coonencement  field  is  averaged  around 
parallels  of  magnetic  latitude  and  subtracted  from  the  main  SC  field. 

Oils  was  done  for  the  average  of  a  numiber  of  SC*  s  by  Jacobs  and  Obayashi 
(19^)  and  Is  shown  in  Fig.  3.  It  will  be  seen  that  the  current  flow 
acress  the  polar  cap  Is  similar  to  that  of  Fig.  2,  but  reversed  In 
direction.  So  the  Interesting  question  again  arises  as  to  whether  or 
not.  In  view  of  the  localised  polar  field,  duqplng  of  charges  now 
simultaneously  accoBqwnles  the  main  hydromagnetlc  SC  signal,  rather 
than  precedes  It  as  before. 

Die  charge  distributions  required  to  drive  the  (nirrents  of  Figs.  2 
and  3  vlU  be  estimated  next. 


III.  POOTTOIAL  ANALYSES  OF  IHE  ASYmETOICAL  SC-FTZLDS 


nie  current  functions  represented  in  Figs.  2  and  3  vere  fitted  at 
10^  intervals  of  latitude  and  longitude  by  a  spherical  heuvonic  series. 

A  code  for  an  IB4-7090  computer  \m»  available  whidi  provided  coefficients 
to  degree  n  and  order  m  up  to  12.  It  may  be  appropriate,  before 
describing  the  results,  to  give  a  few  general  remarks  on  the  analysis. 

Cie  ionospheric-current  systems  are  assiuned  here  to  be  driven  by 
dumping  of  charged  peurticles  along  magnetic  field  lines.  Die  c^lrrent 
systems  are  long  in  duration  compared  to  the  relaxation  times  for 
cheurge  excesses  in  the  ionosphere.  Thus  the  electric  fields  associated 
with  the  currents  must  be  maintained  by  continuous  discharge  of  protons 
and/or  electrons  to  the  ionosphere.  For  a  steady-state  current  system, 
the  electric  fields  can  be  associated  with  steady-state  charge 
distributions  in  the  ionosphere.  Such  distxd.butions  of  excess  charge 
will  undergo  continuous  loss  due  to  various  dissipative  mechanisms  and 
must  be  continually  replenished  from  some  source  of  charged  peurticles. 

Here  a  steady-state  charge  distribution  will  be  taken  as  associated 
with  the  ionospheric-current  systems.  Ihis  charge  distribution  can  be 
conveniently  regarded  as  confined  to  a  thin  spherical  sheet.  Hie 
electric  field  of  the  charge  distribution  will  drive  currents  idiich  lead 
to  the  magnetic  perturbations  associated  with  the  preliminary  reverse 
lapulse  and  the  field  of  the  sudden-comnencement  polar  disturbance. 

The  electric  field  in  the  ionosphere  can  be  derived  f^om  a  scedar 
potential  V  .  If  the  charge  distribution  is  regarded  as  confined  to  a 
spherical  shell,  and  the  location  of  the  charge  distribution  is  at  a 


height  in  the  ionosphere  vhleh  Is  different  from  the  height  of  m^yimum 
conductivity,  then  the  scslar  potential  at  this  height  of 
conductivity  must  satisfy  Laplace's  equation.  That  is 


-  0 


(1) 


If  then  V  at  the  point  (r,  6,  9)  is  expressible  in  terms  of 
surface  spherical  hanionics  of  degree  n,  vhere  6  is  the  colatitude, 

9  the  longitude,  and  a  the  radius  of  the  shell  of  diarge  below  the 
I-reglon,  one  may  write 
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n 

Y„(0,<P)  -  T'  a(A®  cos  mq>  b“  sin  ttPP)  pj 
n  b  n  n 

■iO 


The  radially  Integrated  surface -charge  density  is 

00 

-^0  z^(e,<»>)  (3) 

Si^ 

idiere  0  is  a  constant.  Since 

\  (•'»>  <'•) 

00 

o(e,9)  -  0  ^  (e,q>)  (5) 

npQ 


If  a  current  results  due  to  V^,  it  will  give  rise  to  a  current 
function  J  defined  at  a  point  P  as  the  total  cuxrent  flowing  ftrom  left 
to  rl^t  across  a  line  Joining  P  to  an  origin  0  in  the  surface  of 
the  current  sheet.  If  J  ,  J  9x%  the  south  cuid  east  cosq^nents  of 

*  jT 
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(7) 


^ere  k^  is  the  electric  conductivity  associated  with  an  electric  field 
E^  driving  a  current  in  the  direction  x. 

If  we  take  k^--  k^^,  k^  «  k^^^  as  k^  and  kg,  respectively, 


J  ■  -  kj^  E  «  kg  Eji 


(8) 


idiere  k^  and  kg  are  fhnetions  k^(9,7)  and  kg(9,(p),  respectively. 
Since  from  Eq.  (2) 


®  n+2  ®  ®  nf2 
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and 
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one  can  write  Eq.  (8) 
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Slnce  are  known  from  geonagnetic  data,  as  are  also  k^,  kg 

to  a  degree  of  approximation  ftrom  Ionospheric  data,  E  and  E  may  be 

X  y 

found,  and  hence  o(x,y). 

It  should  be  noted  that  Eq.  (8)  assumes  no  current  flow  occurs 
normal  to  the  current  sheet. 

According  to  Baker  and  Martyn  (l953) »  In  the  lower  E-reglon^kg  Is 
at  least  10  times  larger  than  k^  In  the  range  of  geomagnetic  latitude 
20°  to  90°  north  or  south.  Hence,  as  a  first  approximation  subject  to 


later  laprowement, 


r  sin  9  d? 


k2(a,<p) 


(10) 


furthermore,  If  It  be  noted  that  kg  varies  slowly  with  geographical 
longitude  with  total  variation  by  a  factor  of  2,  say,  and  less  thT  a 
factor  of  10  tram  day  to’ night,  an  additional  approximation  gives 


(writing  k  -  kg) 


^x  r  sin 


,  .  i  ^ 

y  r  « 


(11) 


from  which  It  appears  the  finetlons  and  J  are  similar  In  form  if  r 
does  not  dlffir  mudi  from  a.  In  fkct,  wa  may  be  led  to  write  J  >  A  V 


so  that,  from  (2)  and  (11),  A  ■  •  k  and 
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Since  J  can  be  found  from  the  data,  the  vex^lcally  Integrated  charge 
Inequality  will  be  given  by 


00 


ff(e,<P)  -  -  5  ^ 


n»0 


kac 


where  the  constant  G  in  Eq.  (3)  has  taken  the  value  - 

Introducing  the  value  of  Y  (df9) 

n 

00  n 

■  -  r  J*  (A®  cos  mq)  +  B®  sin  bKP)  P® 

*  4-  1,^2  n  n  n 


nMi  ofO 


(13) 
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where  A  -  -  k. 

It  any  also  be  noted  that  since 
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(18) 

IV.  CALCUIATIOHS  OF  CHAROE  mSTOIBUmOWS 


Ihe  lonos]>herlc  electric  conductivity  varies  with  geographlced 
location  and  time  of  day.  Flrom  the  preceding  discussion,  based  on 

Baker  and  Martyn's  results,  a  value  for  the  vertically  Integrated  Hall 

2  •S 

conductivity  per  cm  column  of  the  Ionosphere  of  about  3  x  10  emu-cm 

may  be  appropriate.  !Ehe  height  of  the  ctirrent  flow  will  be  about  100  km 
giving  the  radius  of  the  spherical  shell  as  6U70  km.  If  displacement 
currents  are  neglected,  the  Integrated  chaurge  densities  required  to  drive 
the  currents  of  Figs.  1  and  2  are  shown  In  Figs.  3  and  4.  In  the 
computations  all  soncd  harmonics  (terms  for  which  the  order  a  ■  O)  which 
were  obtained  In  the  amalysis  of  Figs.  1  aund  2,  have  been  deleted.  Such 
terms  are  ascribed  here  to  a  hydronagnetlc  pressure  Increase  associated 
with  the  SC  field.  Ihe  horizontal  ooevonents  of  the  associated  electric 
fields  are  orthogonal  to  the  contours  of  constamt-chaurge  density  shown 
In  the  figures. 
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V.  TBBORX  CP  FRI 


The  vorld-vlde  negnetic  changee  vhleh  eooqprlse  the  prellmlnaxy  reverse 
ligpulse  can  be  interpreted  in  several  ways.  In  the  preceding  sections, 
eagphasis  was  placed  on  the  construction  of  an  ionos]dieric  current  system 
which  would  produce  the  observed  magxietic-field  perturbations.  Wilson 
and  Aigiura  have  analyzed  many  SC  and  FKE  disturbances  and  find  simultaneous 
changes  in  the  amplitude  and  direction  of  the  perturbation  vector  of  the 
disturbed  magnetic  field.  They  then  interpret  the  FRI  field  as  the 
initial  phase  of  a  continuous  hydrosmgnetle  pertwbatlon  which  is  propagated 
from  the  region  of  intezmctlon  of  the  magnetosphere  and  a  solar  stream 
(Wilson  and  ftigiura,  I96I).  In  this  interpretation,  the  FRI  and  SC  fields 
are  distinguished  only  by  a  noaenclature  resulting  from  dbservatlons  of 
only  one  ccaqioiient  of  the  perturbetion  field.  The  FRI  field  is  that  portion 
of  the  perturbation  in  which  the  horizontal  coa^nent  of  the  iMgnetlc  field 
is  decreased.  The  SC  field  then  is  that  portion  of  the  perturbation  for 
which  the  horizontal  coiqionent  of  the  field  is  Increased.  If  the  total 
perturbation  vector  is  examined,  a  continuous  change  of  direction  is 
found.  Aigiura  interprets  this  <bange  as  a  rotation  of  the  perturbation 
vector  in  a  hydromagnetlc  wave  propagating  along  magnetic-field  lines. 

Particle  bosbardmsnt  of  the  ionosphere  is,  however,  associated  with 
the  magnetic-field  changes  described  above.  Thus,  the  discharge  of 
particles  from  a  plasma  trapped  in  the  portion  of  the  magnetosphere 
interacting  with  an  approaching  solar  stream  becomes  of  Interest. 

The  velocities  usually  associated  with  an  approaching  solar  stream 

0 

are  of  the  order  of  10  qm/bbc  (Martyn,  19^1).  This  la  at  least  an 
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order  of  magnitude  hlg!her  tlian  the  AlfVen  velocity  for  the  negnetosphere 
at  distances  greater  than  a  few  earth  radii  (MacDonald,  I961).  Oils 
fact  leads  to  the  conclusion  that  a  strong  hydromagnetlc  shock  wave  will 
foxu  In  the  region  In  front  of  an  approaching  solar  stream.  Ohe 
geanaffietlc  field  will  be  excluded  from  the  Interior  of  the  solar  S'^'*''  . 
by  currents  flowing  In  Its  face  (Chapman  and  Bsrraro,  1931  and  later). 

Bius  the  geonegnetlc  field  will  be  swept  up  In  front  of  the  solar  stream. 
Protons  and  electrons  trapped  In  the  Itetant  geomagnetic  field  will  also 
be  swept  up  Into  a  transition  region  between  the  \indlsturbed  geomagnetic 
field  and  the  Interfhce  between  the  ■agnetosphere  and  the  solar  stream. 

In  which  the  plasma  density  and  the  magnetic -field  intensity  undergo  a 
large  Increase.  The  Alfven  hydremagnetlc-wave  velocity  In  this  region 
will  also  be  hlc^er.  Thus  a  hydromagnetlc  shock  wave  can  be  anticipated 
^ich  travels  In  front  of  the  solar-stream  Interface.  The  transition 
region  Is  therefore  confined  between  this  hydromagnetlc  shock  front  and 
the  front  of  the  q>proaehlng  solar  stream.  If  the  velocity  of  the  hhock 
front  Is  U  and  the  velocity  of  the  plasma  In  the  transition  region  bdiind 
the  front  Is  u,  and  If  the  of  the  pla-'ma  in  the  undistuihed 

portion  of  the  magnetosphere  Is  Shile  that  b«.hind  the  shock  front  is 
pg,  then  P2(U  -  u)  ■  p^U,  by  cmservatlon  of  aass.  Also  B^/p^  - 
^ere  and  aie  respectively  the  magnetic  fields  In  front  of  and  behind 
the  shock  front  (Pole,  1999)*  It  follows  that  p^  -  B^p^/Bg  and 

(D  -  u)  Bg  -  B^U  or 

U(B2  -  Bj)  -  uBg 


(19) 
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ThuB  tha  plAsm  in  the  transition  region  has  a  nass  motion  relative  to 
the  magnetic  field  in  the  traasltlen  region,  and  a  polarization  field 
Eg  can  be  anticipated  idileh  is  given  by 

(20) 

It  is  transverse  to  ^2  simply  -uBg,  or  Eg  *  -  U(Bg  -  B^). 

the  duration  of  such  a  polarisation  field  will  be  very  nearly  the  time 
required  for  the  solar  stream  to  be  atopped  by  the  caaqpresslon  of  the 
geomagnetic  field.  Qila  will  be  about  ^  secs  from  the  time  of  first 
arrival  of  the  solar  stresm  at  the  boundaxy  of  the  magnetosphere  at  a 
distance  of  about  1?  eart  i  radii.  Ihe  velocity  U  of  the  hydroaagnetlc 
shock  vave  vlll  be  very  nearly  the  same  as  that  of  the  solar-etream 

p 

Interfhee,  l.e.,  about  10  ea/sec.  Oie  difference  in  the  ma^ietic 
fields  Bg  and  B^^  viU  depend  on  the  Alfvfo  velocity  in  the  transition 
region.  At  a  distance  of  10  earth  radii,  this  difference  ml^t  be  of  the 
order  of  10~^  gauss.  Oxus  the  anticipated  electric -field  intensity  will 
be  about  10®  •  10“^  ■  105  eau.  A  time  average  for  Eg  would  give 
8g  ~  10®  •  10“*^  -  10*^  emu. 

If  projected  along  gecmegnetlc  field  lines  Into  the  polar  region, 
the  direction  of  this  anticipated  polarization  field  will  be  Just  that 
reqiulred  to  drive  the  FBI  current.  An  alternative  vlewfoint  is  that 
of  discharge  of  protons  and  electrons  ftrom  the  transition  region  in  front 
of  the  advancing  solar  stream  due  to  the  production  of  magnetic -field 
gradients.  Such  gradients  would  be  directed  toward  the  region  of  maximum 
coiq>resslon  of  the  geomagnetic  field.  Co^ponents  of  the  local  magnetic- 
field  gradient  ehi(h  are  parallel  to  the  interface  between  the  solar 
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stream  and  ma^net08]>here  will  lead  to  charge  separation  as  discuBsed  by 
Kern  (19^1)  and  more  recently  by  Vestlne  (1962).  It  should  be  noted  that 
because  of  the  dlscrepcmcy  between  the  solar- stream  velocity  and  the 
velocity  of  propagation  of  hydromagnetlc  signals,  such  charge  separation 
vlU  be  confined  to  the  treuisltlon  region  between  the  hydromagnetlc 
shock  front  and  the  solar-stream  Interface.  Both  of  the  above  descriptions 
give  the  same  direction  for  the  polarisation  electric  field  In  the 
Ionosphere.  Calculation  of  t}»  currents  Involved  for  the  charge- 
separation  model  Is  rendered  difficult  by  a  lack  of  detailed  knowledge 
regarding  the  hydromagnetlc  transition  region.  !B)e  estimated  value  of 
Is  In  reasonable  agreement  with  the  Ionospheric  electric  fields 
estimated  from  the  PRI  current  system  of  Nagata  and  Abe  (19^^).  The 
location  of  the  electric  field  driving  the  PRI  current  system  would  be 
predicted  by  the  foregoing  azgument  to  be  close  to  the  geoamgnetic  dip 
pole  on  the  sunamrd  side  of  the  earth.  Near  this  point  the  PRI 
ionospheric  currents  would  be  anticipated  to  be  directed  toward  the 
approaching  solar  stream. 
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VI.  moicf  OF  POLAR-IOBOSPHERIC  PORflOW  OP  gg  SC  ECmVALETO  CORRBWy  STSOm 

In  describing  the  developeient  of  the  PRI  current  eyetem,  Sec.  V 
Introduced  the  notion  of  a  transition  region  of  hi^r  plasma  density 
and  magnetic -field  intensity  in  front  of  an  approaching  solar  streaa. 

Bils  notion  can  be  extended  to  the  period  following,  uhen  the  earth's 
magnetosphere  is  confined  to  a  cavity  in  the  solar  stream.  An  equl- 
llbrlia  cavity  will  be  fbrmed  within  minutes  after  the  solar-stream  face 
has  by-passed  the  earth,  provided  trapped  particle  effects  on  the 
geomagnetic  field  are  neglected.  During  this  period,  the  hydromagnetlc 
pressure  of  the  solar  stream  is  communicated  to  the  earth.  This  hydro- 
magnetic  pressure  is  the  central  feature  of  the  initial  phase  of  a 
magnetic  stona,  and  has  been  discussed  at  length  by  many  authors.  Bare 
attention  will  remain  fecused  on  inferred  ionospheric-current  systems, 
as  in  the  pertuxtation-field  analysis  of  Sec.  III. 

Section  V  indicated  that  the  plasma  trapped  in  the  outer  magneto¬ 
sphere  prior  to  the  arrival  of  a  solar  stream  would  be  compressed  aheaul 
of  the  solar  strsam.  Possible  non-adlabatic  effects  nay  be  associated 
with  this  transition  region.  In  the  following  discussion,  it  will  be 
assumed  that  the  co^ression  is  adiabatic,  and  hence  that  the  mafpetic 
moments  u  of  individual  protons  and  electrons  are  constant.  Also  the 
plasma  density  p  will  be  taken  as  inversely  proportional  to  the  magnetic- 
field  intensity  B,  i.e.,  B^/p^  -  •x'^et  only  for  a 

two-dimensional  asgnetlc -field  geometzy  in  idiich  magnetic -field  lines 
are  strali^t  and  parallel. )  How  the  magnetic  moment  u  ■  /B,  where 

is  the  kinetic  energy  of  a  proton  or  electron  transverse  to 
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the  magnetic  field  B.  It  can  be  shown,  using  the  expressions  for  p  and 

U,  that  the  energy  density  for  the  plasma  varies  Inversely  as  the 

2 

magnetic-field  energy  density  B  /8i(  during  an  euilabatlc  cooipresslon. 

Siat  is, 

PaWg/pi^i  -  B^B^  (21) 

idxere  p^  and  '^Be  densities  before  and  after  the  cooipresslon, 

and  the  corresponding  particle  energies,  and  B^  and  Bg  the  magnetic- 
field  intensities  before  and  after  the  casqpression.  thus  a  ccB^resslon 
of  the  magnetosihere  on  the  sunward  side  of  the  earth  will  load  to 
increased  plasma  energy  densities.  It  should  be  noted  that  for  an 
adiabatic  compression,  such  aa  that  assumed  here,  the  particles  can  be 
identified  with  particular  field  lines.  Hence  the  particle  energy 
densities  associated  with  field  lines  conjugate  to  the  earth's  polar 
regions  will  be  increased  in  the  seas  ratio  as,  say,  the  minimum 
magnetlc-field-energy  densities  along  sudi  field  lines.  For  field  lines 
originating  near  the  geomagnetic  dip  poles,  this  diange  can  obviously 
be  quite  great. 

Ihe  plasma  compressed  into  the  cavity  from  the  sunward  side  of  the 
magnetosphere  by  an  approaching  solar  stream  will  thus  undergo  an 
increase  in  energy  density.  Farther,  the  distribution  of  this  energised 
plasma  will  not  be  eysstrical.  Siat  is,  the  compressed  plasma  will  be 
distributed  in  only  the  sunward  portion  of  the  cavity.  It  is  ea^  tc 
see  that  energy  density  gradients  may  exist  which  are  not  parallel  to 
the  local  geomagnetic-field  gradients.  Biis  is  the  situation  discussed 
by  Kem  (1961  and  19^2)  and  also  Iqr  Chmdherlain  (1961)  as  the  condition  for 
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polarlzation  of  a  trapped  plasma  and  for  discharge  of  protons  and 
electrons  to  the  atmosphere.  Fejer  (I961)  has  discussed  the  current 
systems  uhich  would  be  associated  with  an  asynmetrical  ring  current. 

The  configuration  of  the  energized  plasma  on  the  interior  of  the  cavity 
can  be  described  in  this  manner.  Fejer  shows  that,  for  this  geometry, 
the  polar  portion  of  the  SC  equivalent  current  system  follows  from 
eastward  drift  of  electrons  end  westward  drift  of  protons.  It  should 
be  noted  that  here  only  an  adiabatic  compression  is  assumed.  In  this 
ease,  the  duration  of  the  asymmetric  distribution  of  trapped  particles 
corresponds  to  the  duration  of  the  cavity.  Termination  of  the  solar 
stream  would  lead  to  a  retxim  to  the  pre-storm  plasma  and  field 
distribution.  The  plasma  density  distribution  would  be  mdified  by 
drifts  during  the  period  of  compression.  It  is  Interesting  to  speculate 
that  such  andlficatlon  could  contribute  to  observed  distributions  of 
aurora  and  polsur-electrojet  current  systems. 

Ho  mechanism  appears  available  to  bring  about  the  general  reduction 
of  the  geomagnetic  field  associated  with  the  main  phase  of  a  geomagnetic 
storm  while  the  cavity  is  in  existence.  Injection  of  particles  from  the 
solar  stresm  idille  the  cavity  is  in  existence  has  been  used  by  some 
authors  to  aceount  for  the  main  phase.  Hon-adiabatic  acceleration  of 
plasma  already  trapped  in  the  masMtosphere  by  the  hydroaagnetic  shock 
wave  might  aceount  for  a  main-phase  ring  current.  Sudi  acceleration 
has  been  discussed  by  Dossier,  Hanson,  and  Parker  (I961)  in  connection 
with  the  main-phase  ring  current.  The  above  discussion  suggests  that  the 
location  of  the  inner  boundary  of  the  ring  current  mi^t  correspond  to 
the  region  conjugate  to  the  auroral  zone  sl^ly  because  the  msgnetic- 
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fleld*energy  density  Inside  this  region  exceeds  the  energy  density  of 
solar  streams.  Non-adlabatlc  '^eating"  of  trapped  protons  by  shock 
waves  would  thus  be  restricted  to  the  outer  portion  of  the  magnetosphere. 
Hence  the  cuirorcd  zone  may  represent  the  Inner  boundary  for  the 
penetration  of  shock  waves  dzi.ven  by  solar  streams. 


I 
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Fig.  I  — Current  function  J,  easel,  in  units  of  ICX)emu, 
estimated  from  data  of  Nogoto  and  Abe  for 
preliminary  reverse  impulse  at  6^25^6MT, 

May  29, 1933 


Fig.  2  —  The  electric  current  system  corresponding  to  the 
nonsymmetricol  port  of  the  sudden -commencement  field. 
Current  of  10,000  omperes  flows  between 
adjacent  streom  lines 


Fig.  3 — Calculated  number  of  excess  charges  per  unit 
vertical  column, o’,  for  preliminary  reverse 
impulse  at  e**  25'"GMT,  May  29,1933 
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